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ABSTRACT

Various vacuum jacketed cryogenic supply lines at the Shuttle
launch site use convoluted flexible expansion joints. The
atmosphere at the launch site has a very high salt content,
and during a launch, fuel combustion products include
hydrochloric acid. This extremely corrosive environment has
caused pitting corrosion failure in the flex hoses, which
were made out of 304L stainless steel. A search was done to
find a more corrosion resistant replacement material. This
study focused on 19 metal alloys. Tests which were performed
include electrochemical corrosion testing, accelerated
corrosion testing in a salt fog chamber, long term exposure
at 'the beach corrosion testing site, and pitting corrosion
tests in ferric chloride solution. Based on the results of
these tests, the most corrosion resistant alloys were found
to be, in order, Hastelloy C-22, Inconel 625, Hastelloy C-
276, Hastelloy C-4, and Inch Alloy G-3. Of these top five
alloys, the Hastelloy C-22 stands out as being the best of
the alloys tested, for this application.
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1.0

1

INTRODUCTION

1.1

.I

1.2

1.3

Flexible hoses are used in various supply lines
that service the Orbiter at the launch pad. These
convoluted flexible hoses were originally made out
of 304L stainless steel. The extremely corrosive
environment of the launch site has caused pitting
corrosion in many of these flex hose lines. In the
case of vacuum jacketed cryogenic lines, pinhole
leaks caused by failure of the flex hose by pitting
produces a loss of vacuum and subsequent loss of
insulation.

The atmosphere at the launch site has a very high
chloride content caused by the proximity of the
Atlantic Ocean. During a launch, the products from
the fuel combustion reaction include concentrated
hydrochloric acid. This combination of chloride
and acid leads to a very corrosive environment.
This type of environment causes severe pitting in
some of the common stainless steel alloys.

A request was made by K. Buehler, DM-MED-43, to
find an alternative material for the flex hoses, to
reduce the problems associated with pitting
corrosion. An experimental study was carried out
on 19 candidate alloys, including 304L stainless
steel for comparison. These alloys were chosen on
the basis of their reported resistance to chloride
environments.

1.4 Data is available in the literature on the
corrosion resistance of several of the alloys being
considered in this study. The data generally is
for seawater (l-3), chloride solutions (3-131, or
acids (8,10,12,14,15)  individually. Some
information is available on combinations of these
(8,10,11,13,16),  but experimental results were not
found for all of the alloys under the specific
conditions of the environment of interest -- NaCl
combined with HCl.

1.5 Tests to determine which of the candidate
alloys have the best corrosion resistance include
electrochemical corrosion testing, accelerated
corrosion testing in a salt fog chamber, long term
exposure at the beach corrosion testing site, and
pitting corrosion tests in ferric chloride
solution. This report summarizes the results of
these tests for all 19 of the candidate alloys.
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1.6 For the most corrosion resistant alloys, mechanical
tests were also performed to determine the alloys'
resistance to cyclic fatigue cracking. Details of
t.hese mechanical tests may be found in reports !lTB-
688-87, MTB-028-88, MTB-090-88.,*

2.0 MATERIALS AND EQUIPMENT

2.1 CANDIDATE ALLOYS

2.1.1 Nineteen alloys were chosen for testing as
possible replacement material for the 304L
stainless steel flex hoses. Two of the
alloys -- 316L stainless steel and Monel 400
--were suggested by personnel from DM-MED-
43. An additional sixteen alloys were
suggested by DM-MSL-2, and 304L stainless
steel was also included for comparison
purposes. The 19 candidate alloys and their
nominal compositions are shown in Table 1.
These alloys were chosen for consideration
based on their reported resistance to
corrosion.

Tw4.E 1 CAWDIIYITE aLm w TIIEIR
NONIIYL CLWQSITIMS WlSl

wov li h CT ND m CM cu 0 Siti pl 9 other
-m-w-

WTELLDT  c-4
lasTEl.LoT  c-22
1115ToIoy C-276
-N-2
IKua600
llcnm625
lNmcLN25
IlEo S-3
lam400
zINauIIm  7w
ss3ML
953okN
95 316l
9s 3in

95964L

2003
7No+u
Espgf
RW#LIlm 255

srl. 10
Sal. 3.6
Dal. 7.0
Dal. 2.0
Dal. a.0
srl. 5.0
Dal. 22.0
Dal. 20.0
Dal. 2.5

10 PI.
10 Dal.
12 B&l.
13 B&l.
25 hl.
35 )rl.
4 kl.
5 B41.
3 B&l.

18
22
17
1

16
23
21
PC

19
19
17
19
21
26
28
22
26

17
13
17
20

10
3
7

2.5
3.5
4.5
2.5
2
3
3

1.0 2.0 0.61 0.6d 0.62
0.5 2.5 0.61 0.6s 0.02
1.0 2.5 0.01 o.On 0.02
1.0 1.0 0.01 0.1 0.62
1.0 0.5 0.15 0.5
0.5 1.0 0.10 0.5 0.01
1.0 2.5 0.65 0.5
1.0 5.0 2.0 0.02 1.0 0.04
2.0 31 0.36 0.5

2.0 0.63 1.0
2.0 0.03 1.0 0.04
2.0 0.63 1.6 0.04
2.0 0.63 1.6
2.0 1.5 6.02 1.0 0.04
2.0 3.5 6.67 1.6
2.0 6.63 6.6 6.63
2.0 6.63 1.6 0.03
1.5 2.0 0.04 1.c 6.64

6.61 Ti 0.7
0.61 v 0.3, Y 3
0.01 VO.& Y4.5
0.61
0.61
6.01 cb 4.1
0.63
0.03 Cb 0.5, Y 1.5
6.02

Ir 99.2, Hf 4.5

0.03 N 0.13
6.03

6.03

0.01 N 0.23
6.62 N 6.14
0.63 N 6.17
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2.1.2 In addition to corrosion resistance,
mechanical properties are also important to
consider when selecting a new material.
Some physical and mechanical properties for
the candidate alloys are listed in Table 2..I
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uuf (6ks3) Btmqth(kri)  8t~hWi) Elnticity(pi) J -32Offft lb) Exprmim(in/in  F)
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lSTW.OYC-82 6.69
mlBwfc* A %
fmELl.mH 9.t
-MO A43
IKMl62s A44
IYCWOES 6.14
Irnk3 6.31
NmELm A63
ImnIim  702 As0
%%tl A02
8sml.N A02
% 316L A02
6sun A02
%%u A00
Lo&-3 A%
Ik-+ N 7.79
Ese205 7.60
FENmIlN  2s 7.79

l MI mt Dvxllmblr
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116 99
11s s2
139 16
90 37
120 w
112 64
% 35
77 37
I I6
79 33
79 33
61 34
65 35
71 31
96 53
110 61
100 70
130 160

3lEIOb
3mo6
am6
31Eas
3oEM6
3oEto6
3a306
290%
m3-66
IlEN
ea+o6
26w6
2%+%
2%+06
%E*
aa+06
29046
ma
3lEuT6

9om
93m
9oNb
926b
m m
dub
6oNb
65m
72m
7 7 %
7om
706b
7sm
6om
Mm
9ob
99Nb
JOR
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270
260
263
53
61
3s
67

6.Q-66
6.336
6x06
5.6E-46
7.Y-06
7.lE46
7.6E-06
A If46
7.7E-06
A%06
9.eE46
A%46
9.ax6
A%*
AS-06
AS06
6.Y46
7.P46
6.6606

2.2 ELECTROCHEMICAL

2.2.1 A Model 351-2 Corrosion Measurement System,
manufactured by EG&G Princeton Applied
Research, was used for all electrochemical
measurements.

2.2.2 Specimens were flat coupons 1.59 cm (5/8")
in diameter. The specimen holder is
designed such that the exposed metal surface
area is 1 crnz.

2.2.3 The electrochemical cell included a
saturated calomel reference electrode LSCE),
2 graphite rod counter electrodes, the metal
specimen working electrode, and a
bubbler/vent tube. The electrolyte was an
aerated solution of HCl plus 3.55wt% N&l.
The concentration of HCl was O.lN for the
first round of testing and was increased to



l.ON for a second round of tests on the more
resistant alloys. The solutions were made
using deionized water.

.I

2.3 SALT FOG CHAMBER/ACID DIP

2.3.1 An Atlas Corrosive Fog Exposure System Model
SF-2000, manufactured by Atlas Electric
Devices Company, was used for accelerated
exposure. The solution for salt fog
exposure was a standard 5% sodium chloride
mixture prepared as needed. The dipping
solution was a l.ON (about 9 ~01%)
hydrochloric acid/alumina (AlzO3) mixture.
The particle size of the alumina was 0.3
micron. The solution was thoroughly stirred
prior to dipping due to the settling of the
alumina powder.

2.3.2 Flat specimens exposed to these solutions
were 1" x 2" samples of the identified
alloys and were approximately l/8" thick.
One set of samples were base metals with an
autogenous weld on one end as identified in
Table 3. Another set of specimens were the
candidate alloys welded to 304L stainless
steel for galvanic studies and are
identified in Table 4. All flat specimens
had a 3/8" hole drilled in the center for
mounting purposes. Stress corrosion
cracking specimens were standard U-bend
samples prepared with a weld in the center
of the bend, using the same materials as
given in Table 3. The specimens were
obtained commercially from Metal Samples
Company, RT. 1, Box 152, Munford, AL.

TABLE 3 AUtOGEWOUS  WELD SARPLCS

BASE ALLOY FILLER
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

HASrELLoY c - 4
WAStPLLOY C - 2 2
HASTELLOY C - 2 7 6
HASTELLOY B - 2
IWCONEL 6 0 0
IWCOREL  625
IYCOHEL 825
rwco Q - 3
HOWPL  400
2IRCONXUI  702

c - 4
c - 2 2
C - 2 7 6
B - 2
ERNiCr -3
tRWiCr*o-3
ERWiFOCr-1
nrmto11oy  a3
EBWiCo-7
u-2

BASE ALLOY
---_-_----_-----------

9s 304L
ss 304LW
SS 316L
ss 317L
9s 904L
2 0  C b - 3
7no  l Y
E s  2 2 0 5
FERRALIUR 255

FILLER
-------mm--

ER 3081
ER 306L
ER 316L
RR 317
BO4L
OR 320
OR31210
ER22.B.  3L
F 255
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TABLE 4 SARPLCS  WLLDSD  TO 304L
STAINLESS STEEL

B A S E  A L L O Y F I L L E R BASE  ALLOY FILLER
,I -------_------------------------ -_--__------------_-------------

RASTCLLOY  C-4 ERWICrRo-7
HASTELLOY  C-22 ORNiCrlo-10
HASTELLOY  C-276 ERRiCrRo-4
WASTCLLOY R-2 CRNi?lo-7
IRCOWEL  6 0 0 ERRiCr-3
INCOWEL 6 2 5 ERRiCr-3
IRCONEL  R2S ERWaCr-3
IWCO o - 3 n~~tolloy  0 3
noH.EL 400 ERWICr-3

ss 304LN CR 306L
98 316L CR 316L
ss 3171 OR 3 1 7
ss 9D4L OR 904L
20 Cb-3 ER  320
‘In0 l N OR31210
Es 2205 ER22.8.31
PERRALJUR 255 F 255

NOTE 8 It 9-m not pomrible to obtain l mmmplo  of
Zitooniur  7 0 2  rmldmd  t o  3011 rtminler*  rtoel

2.4 BEACH EXPOSURE/ACID SPRAY

2.4.1 All exposure was carried out at the KSC
Beach Corrosion Test Site which is about 100
feet from the high tide line. The site is
located on the Atlantic Ocean approximately
1 mile south of Launch Complex 39A at
Kennedy Space Center, Florida.

2.4.2 The acid solution used in the spray
operation was 10% hydrochloric acid by
volume (about l.ON) mixed with the 0.3
micron alumina powder to form a slurry. The
specimens used in this testing were
duplicate specimens as described in the salt
fog/acid dip tests.

2.5 FERRIC CHLORIDE IMMERSION

2.5.1 Large glass beakers (600 - 1000 ml) were
used to hold the test solution. Specimens
were suspended in the solution by a glass
cradle. Specimens were 1" x 2" flat samples
as described in the salt fog/acid dip tests.
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3.0 TEST PROCEDURES

3.1 ELECTROCHEMICAL

3.1.1 The test specimens were polished with GOO-.I
grit paper, ultrasonically degreased in a
detergent solution, dried, and weighed
before immersion in the electrolyte.

3.1.2 The electrolyte solution was aerated for at
least 45 minutes before immersion of a test
specimen. Aeration continued throughout the
test.

3.1.3 Electrochemical tests performed include
determining corrosion potential,
polarization resistance, and cyclic
polarizatidn. The polarization resistance
test procedure was based on ASTM G59 (17).
The cyclic polarization procedure was based
on ASTM G61 (18). All three electrochemical
tests can be run in sequence on a single
specimen.

3.1.4 The corrosion potential (Ecorr) was
monitored for 3600 seconds, after which time
the potential had usually stabilized.

3.1.5 For the polarization resistance test, the
potential was varied from -2OmV to +20mV
relative to the measured corrosion
potential, while the resulting current was
recorded. The scan rate was 0.1 mV/sec. A
linear graph of E vs I was made, and the
resulting slope (at I=Oj plus the Tafel
constants were used to calculate the
corrosion rate in mpy. Tafel constants were
found from the cyclic polarization data.

3.1.6 The cyclic polarization scan started at
-250mV relative to Ecorr. The scan rate was
0.166 mV/sec, and the scan was reversed when
the current density reached 5 mA/cm*. The
reverse potential scan continued until the
potential returned to the starting point of
-250mV relative to Ecorr. A graph was then
made of E vs logI.

3.1.7 It was assumed that since the polarization
resistance scan covers a very small



potential range, it should not affect t.he
specimen surface prior to the cyclic
polarization. Experiments were run with and
without the polarization resistance test,

.I and the results support this assumption.

3.1.8 Specimens were inspected visually and
photographed after each cyclic polarization
test. Samples were also weighed before and
after the tests to determine overall weight
loss.

3.2.1 Prior to mqunting, the new corrosion
specimens were visually checked and weighed
to the nearest 0.1 milligram on a properly
calibrated Mettler AE160 electronic balance.
The specimens were then mounted on insulated
rods and set in the salt fog chamber at
about 15-20 degrees off the vertical.

3.2.2

3.2.3

The specimens were exposed to one week (168
hours) of salt fog per ASTM B117 (19). The
temperature of the chamber was controlled at
950F (35“Cl + 2OF. After the one week
exposure, the specimens were removed and
dipped in the hydrochloric acid/alumina
mixture to simulate the booster effluent
created during launch of the Space Shuttle.
After one minute of immersion, the specimens
were allowed to drain and dry overnight.
Following this dipping procedure, the
samples were installed in the salt fog
chamber for the next one week cycle.

After a four week/four dip period, the
specimens were removed from the mounting rod
and inspected. The inspection procedure
included cleaning, weighing, and visual
characterization of the corrosion taking
place. The corroded specimens were first
cleaned using a nonabrasive pad and soapy
water to remove heavy deposits of alumina.
This was followed by chemical cleaning per
ASTM 01 (20) to remove tightly adhering
corrosion products. After cleaning, the
specimens were allowed to dry overnight
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before weighing. The specimens were weighed
to the nearest 0.1 milligram on the Mettler
electronic balance. The coupons were
visually inspected with the naked eye and
under 40x magnification. All observations
were recorded in terms of appearance, sheen,
pit severity/density, and stress cracking
phenomena. After the inspection, the
specimens were remounted and returned to the
chamber for the next four week/four dip
cycle of testing.

3.3 BEACH EXPOSURE/ACID SPRAY

3.3.1 The beach exposure test procedure was based
on ASTM G50 (21), with the addition of an
acid spray. The new duplicate specimens were
first visually inspected and weighed to the
nearest 0.1 milligram as was stated before.
The coupons were mounted on short insulated
rods that were attached to a Plexiglas
sheet. The orientation of the specimens was
face side up and boldly exposed to the
environment to receive the full extent of
sun, rain, and sea spray. The U-bend
specimens were mounted on 36" long insulated
rods and secured with nylon tie wraps. Both
the Plexiglas sheet and the insulated rods
were mounted on test stands at the beach
corrosion test site using nylon tie wraps.
The specimens were mounted facing east
towards the ocean at a 45 degree angle.

3.3.2 Approximately every two weeks, the specimens
received an acid spray with the solution
described. The acid spray thoroughly wet
the entire surface and was allowed to remain
on the surface of the specimens until it
dried or was rinsed off by rain.

3.3.3 After the first exposure period of 60 days,
the specimens were brought to the laboratory
for inspection. The inspection procedure
was the same as that for the salt fog
testing. The samples were remounted and
returned to the beach site for continued
exposure testing.



9

3.4 FERRIC CHLORIDE IMMERSION

3.4.1 The ferric chloride immersion test procedure
was based on ASTM G48, Method A (22). The
test solution was made by dissolving 100.I
grams of reagent grade ferric chloride
(FeC13*6HzO) in 900 ml of distilled water.
The solution was then filtered to remove
insoluble particles and allowed to cool to
room temperature.

3.4.2 Samples were measured to calculate exposed
surface area, cleaned, rinsed, and weighed
before immersion in the test solution. Each
sample was placed in a glass cradle and
lowered into the test solution. The beaker
was covered with a watch glass and left for
72 hours.

3.4.3 After 72 hours, the samples were removed and
rinsed with water. Corrosion products were
removed, and the samples were then dipped in
acetone or alcohol and allowed to air dry.
Each specimen was weighed and examined
visually for signs of pitting and weld
decay. Specimens were also examined at low
magnification and photographed.

3.4.4 Some of the samples that showed no sign of
corrosion were put back into the test
solution. These samples were periodically
inspected and re-immersed for a total
exposure time of 912 hours.

4.0 TEST RESULTS AND DISCUSSION

4.1 ELECTROCHEMICAL

-1.1.1 The electrochemical tests were run first
with 3.55 wtX NaCl + O.lN HCl, measuring
only corrosion potential and cyclic
polarization data. These tests were
repeated, with the insertion of the
polarization resistance experiment. There
was very good agreement between the two sets
of experiments, indicating good
reproducibility and a negligible effect of
the polarization resistance test on the
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cyclic polarization results. A general
discussion of the results of the three
electrochemical tests will now be given,
followed by an explanation of the results
for each of the 19 individual alloys.

4.1.2 Corrosion potential (Ecorr) gives an
indication of how noble an alloy is in a
given environment. Generally, a less
negative corrosion potential means that the
alloy can be expected to be more resistant
to corrosion, in that particular
electrolyte, compared to an alloy with a
more negative corrosion potential. Thus,
alloys can be ranked according to resistance
to general corrosion, based on corrosion
potential. Figure 1 shows the corrosion
potential vs time data for a stable
material. Some materials displayed very
unstable corrosion potentials, such as shown
in Figure 2. Table 5 shows the results for
the 19 alloys tested, in order of increasing
activity. The potentials are all with
respect to the SCE reference and were
recorded after 1 hour.

- 2 4 2

j  , , , , , , ,

I SW 1ME 1sm Pm1 ISa8 Rmm SYB

.

Figure 1 Stable Corrosion Potential

ES 2205 in Aerated 3.55% N&Cl - O.lN HCl
Corrosion Potential (mV) vs Time (seconds)
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Figure 2 Unstable Corrosion Potential

304LN in Aerated 3.55% NaCl - O.lN HCl
Corrosion Potential (mV) vs Time (seconds)

TABLE 5 CoRRo5fOn  ?OTcRTIAL

ELECTROLYTEI  3. SIX WACL - O.lN HCL

. . . . . . . . . . . . . . ..1......~. 1..111..1.....~..1...~~.~
RATfRIAL ccorr RATPRIAL hc0rt

NAllP VOLTS HAlli VOLTS
- - - - - - - - - - - - - - - - - - - - - - - - - _____------------_-------

XSCOSEL  625 -0.051
INCOREL 625 -0.060
fflo l Ii -0.060
RASTLLLOY  C-22 -0.060
Es 2205 -0.072
HASTCLLOY  C-276 -0.085
7110 l II -0.005
SSSO4L -0.00s
HASTELLOY  C-22 -0.OB6
m 2205 -0.095
rllco o - 3 -0.090
FERRALIUR 236 -0.102
xwco o-3 -0.102
HASTCLLOY C-4 -0.105
IIASTELLOY  C-4 -0.106
JtiCONCL  825 -0.106
SS 317L -0.100
5s 904L -0.116
INCOWEL 82s -0.121
ss 3171 -0.123
ss 317L -0.132

HASTELLOY C-276 -0.133
FDRRALIUR  255 -0.139
20 Cb-3 -0.140
20 C b - 3 -0.150
SD 316L -0.154
HASTSLLOY  B-2 -0.159
WASTULOY  B-2 -0.160
IIOHEL 400 -0.172
IOIIEL 400 -0.174
nomL 400 -0.170
SS 3161 -0.107
JWCONEL  600 -0.272
JIlConEL  600 -0.273
LIRCONJUR  702 -0.319
2IRCORIUR  702 -0.319
8s 304L -0.403
ss 304L -0.405
ss  304L -0.410
ss 304uI -0.410
ss  304LW -0.412
ss  304L -0.416
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4.1.3 Polarization resistance is used to calculate
,the uniform corrosion rate when t.hc
potential is close to the corrosion
potential. Results of a typical
polarization resistance run are shown in.I
Figure 3.

-n-

/

-0B- /

- e s -

-lN-
/

=-lms-

-1lb

- 1  i s -

-12m-

-4n -nR - 2 n -1n 0 lm8 2m su

n a /a2

Figure 3 Polarization Resistance Graph
Hastelloy C-4 in Aerated 3.55% NaCl - O.lN HCl
Potential (mV) vs Current Density (nA/cm2 1

According to the Stearn-Geary theory (231, a
graph of E vs I should be linear over a
current and potential range very close to
I=0 (i.e., close to Ecorr). The slope of
this line is Rp in ohms. Corrosion current
and uniform corrosion rate are then
calculated as follows

lo6 Ba Bc
Icorr = ----------------

2.3 Rp (Ba+Bc)

0.13 Icorr iE.W.1
Corrosion Rate = ---------------------

d
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where Ba and Bc are the Tafel constants in
V/decade, Icorr is the corrosion current
density in )IA/cm2, E.W. is the equivalent
weight in g/equiv, d is density in g/cm3,
and corrosion rate is in mpy. Table 6
summarizes the polarization resistance
results, with the alloys ranked in order of
increasing corrosion rate. The polarization
resistance results did not correlate with
the beach exposure and salt fog chamber
results as well as the cyclic polarization
results did. In general, the polarization
resistance technique works better with
metals that display active corrosion
behavior. It may not give accurate results
for passive metals such as many of the
alloys used in this study. So in this case,
polarization resistance is not the best
electrochemical technique to use to predict
actual field exposure corrosion results.

TABLE 6 RESULTS OF ?OLAR32ATION
REBISTAWCP  RXPERJnERTS

ELECTROLYTE: 3.SSX NACL - O.lN NCL

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..*........
NATPRIAL no DC RP Jaorr CORR. RATE

MA16 V/DBC V/DCC OHlS AlPS nw

IlCOWCL  625
CERRALIUn 255
7n0 l n
2IRCONIUn  702
IWCO o-3
ss 904L
20 Cb-3
ES 2205
SD 317L
85 316L
HASTELLOY C-22
INCOWEL 6251
NASTELLOY  C-4
NASTELLOY C-276
SS 304LN
HASTELLOY B-2
nom. 400
INCONCL LOO
ss 3o4L

0 . 0 9
0.15
0.19
0.25
0.21
0.20
0.23
0.21
0.23
0.21
0.23
0.33
0.42
0.38
0.11
0.05
0.08
0.07
0.07

0.10 180000
0.13 247000
0.15 240000
0.19 246000
0.14 140000
0.16 15010000
0.10 98500
0.18 127000
0.19 13looo
0.19 125ooo
0.17 B4000
0.17 90000
0.17 475oo
0.24 44000
0.11 6450
0.25 1600
0.30 930
0.29 665
0.14 3S2

l.lSE-07
l.ZJE-07
l.SZE-07 0.07
1.89E-07 0.09
2.61E-07 0.12
2.57E-07 0.12
3.089-07 0.14
3.3lE-07 0.15
3.46E-07 0.16
3.47E-07 0.16
S.o6E-07 0.22
SIZE-07 0.24
l.llP-06 0.47
1.45E-06 0.62
3.7OE-06 1.69
l.OlE-OS 4.16
3.00E-OS 13.oo
3.68E-05 16.60
5. &OS-05 26.00

4.1.4 Cyclic polarization gives an indication of a
specimen's resistance to pitting corrosion
(18,241, and this method has been used for
many systems to determine susceptibility to
localized corrosion (4-6,9,11,13,16,18,24,
25). Figure 4 shows a curve with the
hysteresis effect typical of a material with
a low resistance to pitting. Since the
potential scan is at a known constant rate,
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the potential values can be converted to
time, and the area inside the hysteresis
loop can be found by integration to give
units of coulombs/cm2.  This area value
should be very small for alloys that are
highly resistant to pitting, as seen in
Figure 5 which is for a material that is
very corrosion resistant. In this case, the
reverse scan traces almost exactly over the
forward scan.

w-

mm-

m -
m
.-II-

-2n-

48%

-m-

Loop

4 4 - 7 4 4 - 4 4 - 2

LD6 I u-2

Figure 3 Cyclic Polarization With Hysteresis Loop
316 L in Aerated 3.55% NaCl - O.lN HCl, mV vs log I(A/cm2 1

-B - 7 - B - 5 - 4 4

Loo I u-2

Figure 5 Cyclic Polarization Without Hysteresis
Lfastelloy C-4 in Aerated 3.55% NaCl - O.lN HCl, mV vs log I
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Table 7 ranks the alloys according to area
of the hysteresis loop.

TABLE 7 AREA OF IIYSTCRRBIS  LOOP

ELECTROLYTEa 3.35X NACL - 0.111 NCL

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
IIATERIAL AREA OF LOOP nATERJAL AREA OF LOOP

WAIIE CouLonBs YAJIE couLoRBs
__------_------_-------------- -------------------- ---------

WASTELLOY C-22 2.00
HASTELLOY C -22 2.00
RASTELLOY C-276 2.00
WASTELLOY C-4 2.00
HASTELLOY C-4 2.00
IYCO  S-3 2.00
IWCO o-3 2.00
FCRRALIUI 255 3.00
FERRALIUn 255 3.00
IRCOWEL 625 3.00
IWCONEL 625 3.00
IIICOWEL  600 4.00
710 t w 4.00
ES 2205 5.00
INCOWEL 600 5.00
CD 2205 6.00

s.9 904L 7.00
ss 904L 7.00
2IRCOYIUn 702 8.00
INCOWEL 625 9.00
JNCOWEL 825 9.00
2IRCOWfUn 702 10.00
ss 304L 12.00
OS 304L 13.00
85 304LN 13.00
BB 316L IS. 00
SS 316L IS. 00
85 317L 15.00
ss 304LN 16.00
88 317L 20.00
20 Cb-3 21.00
20 Cb-3 23.00

Two other parameters that apply to cyclic
polarization are critical pitting potential
(EC) and protection potential (Ep). At EC,
the current increases dramatically until the
reversal point is reached (see Figure 4).
The more noble (positive) the value of EC,
the more resistant is the alloy to
initiation of localized corrosion. Ep is
the point at which the reverse scan
intersects the forward scan (see Figure 4).
Ep represents repassivation of previously
formed pits. In general, localized
corrosion can propagate at potentials more
noble (positive) than Ep. So, it would be
desirable for Ep to be greater than Ecorr to
make it less likely that Ecorr will exceed
EP, and therefore less likely that localized
corrosion will continue. Tables 8 and 9
rank the alloys according to EC and Ep,
respectively.
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TABLE: 6 CRITICAL l ITTIWO ?OTCNTIAL

ELECTROLYTEI 3.55X NACL - O.lN NCL

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
RATERIAL CC RATERIAL EC

NARE VOLTS NAME VOLTS
___-______-------_-________ _---__-_-------------------

FERRALIUR 255 0. a10
Ilo * N 0.610
Es 2205 0.600
FERRALIUR 2% 0.800
NASTELLOY C-22 0. 800
HABTELLOY C-276 0. a00
NASTFll.nv c-4 0. nnn
INCONEL 62s 0. coo
EB 2205 0.790
INCO  o-3 0.790
INCO  O-3 0.760
INCONEL 62s 0.790
HASTELLOY C-22 0.760
NASTELLOY C-4 0.700
7n0 - n 0.780
INCONEL 825 0.309
ss 904L 0.291

INCONEL 625 0.270
ss 9041 0.230
2IRCONIUR 702 0.214
ss 317L 0.210
2IRCONIUR 702 0.205
85 317L 0.156
2n Ck-3 0.150
SS 316L 0.141
20 Cb-3 0.136
85 316L 0.110
9s 304LN 0.035
IRCONEL 600 0.010
INCONEL 600 -0.010
ss 304LN -0.010
ss 304L -0.093
ss 304L -0.096
ss 3041 -0.240

TABLE 9 PROTSCTION POTCRTIAL

ELECTROLYTE% 3.35X NACL - O.lN NCL

. . . . . . . . . . . . . . . . . . . . . . . . . . .
RATERIAL EP

NAlIE VOLTS
__----------------- -m-w----

0.900
0.860
0.644
0.83s
0. a30
0.030
0.830
0.630
0.026
0.816
0.610
0.800
0. bO0
0.652
0.143
0.068
0.040

. . . . . . . . . . . . . . . . . . . . . . . . . . .
RATERIAL EP

WARE VOLTS
m------- __-----e-----------

ZIRCONIUR 702
2IRcONIUR 702
20 Cb-3
INCONEL 825
20 Cb-3
ss 304L
ss 904L
9s 304L
ss 317L
ss 604L
SS 3161
85 3171
SS 316L
ss 304L
ss 304LN
ss 304LN

0.019
-0.040
-0.137
-0.149
-0.150
-0.200
-0.200
-0.207
-0.207
-0.210
-0.222
-0.224
-0.229
-0.242
-0.278
-0.280

NASTELLOY C-22
INCO o-3
7n0 l N
FCRRALIUR 255
ES 2205
NASTELLOY C-22
NASTELLOY C-4
INCONEL 625
NASTELLOY C-4
xwco o-3
FERRALIUR 255
NASTELLOY C-276
INCONEL 625
E S  2205
INCONEL 825
INCONEL 600
INCONEL 600

Some alloys displayed uniform corrosion,
rather than localized pitting or crevice
corrosion. This was the case for Monel 400
and Hastelloy B-2. In these instances, the
cyclic polarization curves were similar to
the one shown in Figure 6. This type of
cur\e does not yield meaningful values for
EC, EP, or area of the hysteresis loop.
Therefore, data for these two alloys do not
appear in Tables 7, 8, and 9. Although
these two alloys did not suffer localized
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corrosion, they did have an unacceptably
high uniform corrosion rate, as seen in
Table 6.

. .

-7.m 4 . e 4 . r 4.m -s.m

Lot  I a/em?

Figure 6 Cyclic Polarization With Uniform Corrosion
Monel 400 in Aerated 3.55% NaCl - O.lN HCl
Potential (mV) vs Log Current Density (A/cm* 1

4.1.6 Visual inspection and inspection under a
microscope revealed various levels of
pitting corrosion. Crevice corrosion was
also observed on several of the samples
around the edge of the specimen holder.
These visual observations agreed extremely
well with the electrochemical results. Some
representative photos are shown in Figure 7.
Figure 7a, of stainless steel 304L, shows
crevice corrosion and pitting. Figure 7b,
Inconel 600, shows crevice corrosion,
pitting, and uniform corrosion. The Monel
400 in Figure 7c shows uniform corrosion
only, and the Hastelloy C-276 in Figure Td
shows no signs of corrosion attack.
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Figure 7 Representative Photos After Cyclic
Polarization in 3.55% NaCl t O.lN HCl

6) IWCONEL 600
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4.1.7 Total weight loss was measured for each
sample. This is an indication of the amount
of corrosion. However, this value can not
be used to determine a meaningful general
corrosion rate because in most cases the. .
corrosion was not uniform over the entire
surface -- it was localized in pitting
and/or crevice corrosion. Table 10 shows
the weight. loss for the alloys tested.

TABLE 10 uc1ont LOGS

ELECTROLYTE; 7.55% HACL - 0.1~ “CL

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .  .  .  .  .  .  .  .  .  . . * . . . . . . . . . . . . . . .
MATERIAL UT LOSS MATERIAL WT LOSS

YAIE (Ig) NAUE (DO)
_------------_-------------- ----------------------------

FERRALIUII 2S5 0.3
HASTELLOY C-22 0.3
HASTELLOY C-276 0.3
HASTELLOY C-4 0.3
HASTELLOY C-22 0.4
HASTELLOY C-276 0.4
HASTELLOY C-4 0. 4
IIICO G-3 0.4
IlCOWEL 625 0.4
FERRALIUII 255 0.5
7lm l Y 0. s
IWCOWEL 625 0.6
710 l w 0.6
ss 2205 0.7
HASTELLOY B-2 0.7
IWCO G-3 0.7
ES 220s 1.0
HASTELLOY B-2 1.0
MOWCL 400 1.2
OS 304L 1.4

ss 904L
ss 904L
IWCONEL 600
21 RCOWI  Ull 702
IWCOWEL 600
INCONEL 825
~ucov~*-..-I..-- 82’.
2IRCONIUI  702
ss 304LW
9s 3041
SS 316L
SS 316L
9s 317L
ss 304L
ss 304LW
ss 317L
20 Cb-3
20 Cb-3
?lOI(CL 400

l.S
1.6
1.8
2.0
2.1
2.1
2.2
2.5
3.3
3.7
3.8
3.8
4.0
4.6
4.8
5.1
s. s
5.8
9. s

1.3.8 Based on the data in the preceding tables
and figures for the first round of tests,
the most resistant alloys were determined to
be Hastelloy C-4, Hastelloy C-22, Hastelloy
C-276, Inconel 625, Into Alloy G-3,
Ferralium 255, 7MotN, ES 2205, and 904L.
These alloys were then run through the same
electrochemical tests using a more
aggressive electrolyte of 3.55 wt% NaCl with
the HCl concentration increased to l.ON.
Stainless steel 304L was also used, as a
basis for comparison.

4.1.9 Table 11 shows the effect on corrosion
potential of increasing the acid
concentration. The 904L, Ferralium 255, ES
2205, and 7MotN became much more active.
Table 12 summarizes the polarization
resistance results obtained with the
increased acid concentration. For the 904L,
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ES 2205, and 7MotN alloys, the effect of the
increased activity of Table 11 can be seen
in the very high corrosion rates given in
Table 12, as compared to the results in
Table 6. The corrosion rates increased from
0.12 to 36.8 mpy for 904L, from 0.15 to 180
mpy for ES 2205, and from 0.07 to 457 mpy
for 7MotN. As with the results in Table 6,
this test separates out some of the poor
performers, but it can not rank the alloys
accurately.

TABLE 11 CGRRQBION ?OTSNTIAL IN l.ON HCl AND
III 0.11 HCl (ROTil  WITH 3.%X YmCl)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HATGRIAL ccorr iv) ccorr (V)

NAME 1.0 N 0.1 Y
-------___----______----------------------

IWO G-3 -0.051 -0.100
IllCONE 62s -0.058 -0.057
HASTCLLOY C-4 -0.098 -0.105
HASTELLOY C-22 -0.lG6 -0.077
HASTELLOY C-276 -0.108 -0.109
ss 9041 -0.328 -0.100
FLRRALIUR 255 -0.421 -0.120
ES 2205 -0.422 -0.G84
68 3G4L -0.452 -0.4G8
710 l II -0.455 -0.072

tARL& 12 ?OLARIZATION  RPSISTANCE

EL&CTROLYTCr 3.55% WAC1 - l.OW HCL

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..~.*............
IIATSRIAL Bm Bc RP Icorr CORR. RAT&
YAM V/DPC V/DEC ORHS ARPS flPY

-------__------_---------------------------------------------------

FCRRALIUI 255 0.03 0.06 43000 2.00&-07 0.09
IllCONE 62s 0.29 0.13 84400 4.62&-07 0.21
IWO G-3 0.35 0.13 77500 3.319-07 0.24
liAST&LLOY  C-22 0.38 0.14 61700 7.2lE-07 0.31
HASTOLLOY C-276 0.54 0.15 38700 1.323-06 0.56
WAStCLLOY C-4 0.63 0.16 23800 2.34E-06 1.00
so 904: 0.06 0.21 2S7 7.88E-OS 36.80
ss 3041 0.11 167 9.56E-OS 43.70
Es 2205 0.13 79 3.83&-04 180.00
7lo l I 0.24 0.13 37 9.82&-M 457.00

-4.1.10 The cyclic polarization results for the
stronger electrolyte are summarized in Table
13, with the alloys ranked according to
weight loss. The 304L sample experienced
uniform corrosion. Therefore, results for
304L do not appear in Table 13, for the
reasons mentioned in paragraph 4.1.5 in
regard to Figure 6 (i.e., no meaningful
values for EC, Ep, or area).
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TABLE 13 CYCLIC ?OLAR12ATION  RESULTS

ELCCTROLYTC: 3.55X  WAC1  - 1.  OR NCL

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
RAtCRIAL c c CP AREA OF LOOP UT LOSS

NAIC VOLTS VOLTS couLoRas (09)
- - - - - - - - - - - - - - - - - - - - - ----__m___--------- - - - e - - e - - - - - - - - e --m---e

I N C O  G - 3 0 . 8 2 5 0 . 8 9 9 1.00 0 . 2
NASTCLLOY C-22 0 . 8 2 0 0 . 8 6 6 1.00 0 . 3
NASTCLLOY C-276 0 . 8 4 0 0 . 8 4 0 1 . 0 0 0 . 3
HASTCLLOY  C - 4 0 . 8 0 0 0 . 8 7 0 1 . 0 0 0 . 3
FCRRALIUN 255 0 . 8 5 5 0 . 8 5 5 2 . 0 0 0 . 4
INCONCL 625 0 . 8 7 0 0 . 9 0 8 3 . 0 0 0 . 6
s s  9G4L 0 . 1 0 0 - 0 . 1 9 7 7 . 0 0 1 . 6
ES  2205 0. 855 - 0 . 1 4 5 2 . 0 0 2 . 8
7no l N 0 . 0 4 0 0 . 9 0 0 1 . 0 0 6 . 9

The high weight loss values seen in Table 33
for 904L, ES 2205, and 7MotN agree with the
active corrosion potentials of Table 11 and
the high corrosion rates of Table 12. The
ES 2205 and 7MotN suffered severe uniform
corrosion, in addition to pitting, which is
why the area values for these two alloys do
not correlate with the weight loss values.
Since there was uniform corrosion, the area
values are not really meaningful, and the
weight loss gives a better indication of the
extent of corrosion for these two alloys.
Visual inspection also agreed with the
results of Tables 11, 12 and 13: the 7MotN
and ES 2205 suffered severe uniform
corrosion; the 904L alloy showed increased
crevice corrosion compared to the results
with the O.lN HCl solution; the Ferralium
255 showed signs of some general corrosion;
and the remaining alloys, Hastelloy C-l,
Hastelloy C-22, Hastelloy C-276, Inconel
625, and Into Alloy G-3, still displayed
excellent resistance to both localized and
uniform corrosion.

4.1.11 The graphical results for corrosion
potential and cyclic polarization for each
of the alloys are shown in Appendix A,
Figures Al to A58. Graphs are included for
the 3.55% NaCl t O.lN HCl electrolyte for
all of the alloys. For the more resistant
alloys, the graphs from the 3.55% NaCl t
l.ON HCl electrolyte are also given. .Ul of
these results are summarized and briefl;r
explained in Table 14.
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TMLE 14 wff ELECTRocHulIcALllEsuTS

3.55arNaCl  tO.lNHCl 15% Nacl  + l.ON Hcl
FLLOY FIGURE FIWIE

WTELLOY  c-4

tmsTELLoY  c-22

lumELLoY  C-276

WSTELLOY  e-2

INLwL600

IrtnEL625

INwNne25

Iwco6-3

NllEL400

ZIRwNIul702

ss3ou

ss304LN

ss 316L

ss 317L

ss9ou

2003

7NotN

Es2205

FEMuum  255

N
w

m
w

b
RlO

L13
II14
Rl5
1)16
117
LlB

Wl
be2
R23
1124
w7
m
es
R30
A31
R32
R35
R36

I437
R3e

R39
mo

Ml
m2
m!i
m6
M7
me

fl51
as2
I#5
m6

Stable,Noble  Ecwr
Very Small ttysteresis Rrea
Excellent Pitting Resistance
Stab&Noble  Em
Very Small ttysteresis Rrea
Excellent Pitting Resistance
Stable,Fairly  Noble Ecow
Very %a11 lfysternis ckvr
Excellent Pitting Resistam
Stable,Slightly ktive Ecorr
hiform  Carosim
lbdable,Fairly  ktive Emrr
lhifora  corrosion  C Pitting
Stable,Very  Noble Ecorr
Small ttysteresis kea
Very  Sod Pitting Resists
Stable,Noble  Ecorr
Large  clm,Low  Pitting Rsistance
Stable,Noble  Ecorr
Excellent Pitting Resistance
Stable,Slightly  ktive Ecarr
Uniform Carosion
Stable,Fairly  ktive Ecorr
La, Resistarce  To Pitting
Fairly Stable,Clctive  Ecwr
Poor Resistance To Pitting
Unstable,ktive  Ecorr
LaqettysterwisRrea
Poor Pitting Re5istarm
Fairly  Stable,Slightly  ktive Ecarr
Large  ttysterds  Ilrra
Uery  Poor Pitting Resistance
Stable,Slightly  ktive Ecwr
Large  Hysteresis ha
Very Poor Pitting Resistance
Stable,  Noble Emrr
Sac Pitting Resistance
Fairly Stablr,Slightly  Active  Ecwr
Extremely Pow Resistance To Pitting
Stable,  Noble Em
k&rate  Pitting and

lhiffm  Carorion
Stable, Noble Ecar
kderate  Pitting
StablqNoble  Ecwr
Small tlysteresis kea
Very Good  Pitting Resistam

a3
m

A7
Ml

cl11
a12

A19
eo

n25
1126

Stable,Noble  Ecwr
Very Small Hysteresis Rrea
Excellent Pitting Resistance
Stable,NDble  Em
Very Small Hysteresis kea
Excellent Pitting Resistam
Stable,Fairly  Noble Ew
Very %a11 Hysteresis Rrea
Excellent Pitting Resistarc

Stable,Very  Wle Ecorr
Very %x11 tlysteresis Rrea
Excellent Pitting Resistam

Very Noble Em-r
Excellent Pitting Resistann

R33 Fairly Stable,ktive  Erorr
R34 Uniform Corrosion

M3
m4

m9
I#0

as3
m4
m7
iEe

Fairly  Stable,Rctive  Ecorr
Poor Pitting Redstam

Stable,ktive  Emrr
Some Pitting and

Lhifora lZorro5icm
kt ive, Fairly Stable Ecorr
Sore  Pitting,Uniform  Cormion
Stable$ktive  Emrr
hod Pitting Resistance
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-1 . 2 SALT FOG CHAMBER/ACID DIP

4.2 .1

.=

After 4 weeks of salt fog csposut'c and fL)ur
acid dips, the coupons were returr,ed to the
laboratory for analysis. After a cleaning
procedure, the specimens were weighed to
determine the weight loss caused by the A-
week exposure. Using the weight loss results
and the measured area of the coupons,
corrosion rate calculations were made to
compare the alloys' resistance to the salt
fog/acid dip environment. The formula used
to calculate the corrosion rate is

CORROSION RATE (MILS PER YEAR) = 534~
dXt

where w is.the weight loss in milligrams, d
is the metal density in grams per cubic
centimeter (g/cm3 ), A is the area of
esposure in square inches (in* ), and t is
the esposure time in hours. This expression
calculates the uniform corrosion rate over
the entire surface and gives no indication
of the severity of localized attack
(pitting) occurring on the surface. To
determine the severity of this localized
attack, the coupons were esamined visually
with the naked eye and under 40 power
magnification. The measured weight loss,
the resulting calculated corrosion rate, and
the visual observations for each of the
alloys for the 4-week cycle are presented in
Table 15. As can be seen from the table,
several materials clearly separated from the
rest and displayed superior corrosion
resistance. These materials included three
Hastelloy alloys (C-22, C-4, and C-276),
Zirconium 702, Inconel 625, and Into Alloy
G-3. The Into Alloy G-3 marked the point at
which the corrosion rates accelerated
rapidly for the many stainless steel alloys
included in the testing. The visual
observations confirmed the corrosion
resistance of the top alloys, with no visual
deterioration at 40x. These results were
considered important but premature, and the
specimens were returned to the salt fog
chamber for further exposure.
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0.6970 VISIBLE PITTIN& !m SEEN flT 1x - W#lE PITTII Al 40x
0.7300 VISIaf PITfIws,  )(D SEEN ill 1x - mlE PIT-tIffi  Ill 40x
0.800 VISIaE PITTIN& Ml OEM ni 1x - NmEwE PITlINe a1 40x
0.8770 10 9w ill 1x - MJERIIS SW. PITS llT +0x
l.om NoPIllIN&  NOWEN ATIX -WY PImll PIllIN ATIOX
Lwo v1s1nLf PITlIta,  91(H1scmn11r -umas9IekTPIlsRl4ox
1.2&o NoPITrIne, la SEEnRllX - Mnv 9Iml-T PIllIN6RT4oX
I.780 ralell wEMn11x -9Iell PITlIe, EloED~l40~
2.om mYVtslaLE~IMmlx -NmaosLmE PI7& m ca874oI

4.2.2 Following another I-week exposure cycle, the
specimens were returned to the laboratory
for an 8-week analysis. The same procedures
were conducted to clean, weigh, calculate,
and observe the specimens. The B-week data
is shown in Table 16. As can be seen from
the table, not much changed in the ranking
of the alloys, with the top six materials
clearly superior to the rest. However, the
Into Alloy G-3 started showing signs of
pitting at 40x, but these pits were small.
The corrosion rates did not change much
since the relationship between weight loss
and time should stay fairly constant.
However, some materials display a slight
reduction in corrosion rate, and this is
probably due to a slight slowing of the
pitting after an initial accelerated attack.
In comparison to the electrochemical data,
two materials changed their relative
positions in the rankings. The cyclic
polarization in O.lN HC1/3.55% NaCl showed
the Zirconium 702 material to be a poor
performer, but in the salt fog/acid dip
testing, this material displayed excellent
corrosion resistance. On the other hand,
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WlmE  16

the electrochemical testing in the l.ON
HC1/3.55% NaCl showed the Ferralium 255 to
perform well, but in the salt fog/acid dip
testing, this material corroded rapidly and
pitted badly. The reasons for this behavior
are unclear, but continued testing confirmed
this result.

mqRI# WE IeT LllBRJl)  mm. WEiRV) Elmis - csEnuaTIMs llT IX m 401

a0015 0.0150
a0012 0.0160
aoo2a a0260
O.OW 0.0270
a0029 a0200
0.0071 0.0730
a0420 ax0
0.0620 0.6050
aS31 46750
a0672 0.6930
a0695 a7200
a*99 aNo
0.W 0.0930
0.0915 0.9WJ
RON6 LOJSO
0.m l.OtSO
am 1.1500
0.170s 1.m
0.19M l.WSO

4 . 2 . 3 After

m PIllIlrs,  RIM Bw nT 1x - m PrnI~  m IPD nEmV  a1 40x
SDE !Jw~I~  lnlell  Bmr  al IX - 10 PITTI~ m u 2Emv  Ill 40x
m PITIIlrs,  mrwl omr n1 1x - m PITIll& m IPD 2EmV  nl4Ox
m PIllIws,  #Ien SW Al 1x - m PIllIl6,  m lElD  2Emv  Al 40x
M PI~TI*  cIIIwr  0EM  trf lx - m pur1w6,  10 w Durw  RT  40x
m Pmm, uen %rm nT lx - mo~ww2  BwLoy  PrrrrIIs,  gDE p1nI16  w IoD nT 40x
m prn~ws, m smr  AT lx - UIIFORI  m1tm61ol  uIw uuuzED  ATIw( al 40x
v1912u  pInI* 10 IEM tv lx - wmu5 PI* 9oE uw, 10 J~P Dcwv  m 40x
v1s12u  pm~ws,  m Bw n7 lx - twllL6  6~uu.a~  PITS, 9DE yM 2Ec4w  RT 40x
VISIU  PI~IJ~  , m 1~233  RT JX - ~uxzm~5  PI& 8DF w16~,  m we Darw nr 40x
VISIU  pm16 m gm( AT lx - )(UIERIIIS  u22f  sxuw PITS, ~1w63  ff yLD nT 40x
VISIRE PIlTIJ6, m OfM  RT  IX - -WE PITTIS, gDE LELD DEWV  fiT  40X
u1s1&2 PIlTIrrs,  M SEEN 111 1x - WV MHnaJ5  PI, PIllIl6  ff &LD AT 40x
mssual  IX -uIImfman~  mlpD  oatav  no 40x
lm PITfIrs, m 8wI AT 1x - UlIFOM mMlosIoc, =IIRlx LM DEmv AT 40x
VISIU  ~~nrws,  m gmc nT JX - wrrrrm ATTW(  YIT~  ~6wrau5  PITS, pIn1)16  0: yLD no 40x
v~sixu  PITrItq  m eEs4  IIT IX - weff PI~I~IX  WITH  CRVICL  cum~61w ~1nIt6  ff u nV 40x
vI6IupI~I18,moEDlLnlx-lEllvyPI~I(%RIyLRR%~o,~PI~I)16ffIpDAt~x
m sear n7 ix - warn mano5Im 901~ ~17~1116  (I: lick nV 40x

another 4-week exposure cycle, the
specimens were returned to the laboratory
for the 12-week analysis. The results of
the la-week testing are shown in Table 17.
After 12 weeks in the salt fog chamber and
12 acid dips, a clear trend began to emerge.
The corrosion rates were remaining fairly
constant with a slight reduction still being
displayed by some materials. The alloys
were settling into their positions for the
ranking of corrosion resistance in this
accelerated environment. The Into Alloy G-3
lost its sheen and continued to display
pitting attack and some deterioration of the
weld. The observation of very small pits
developing on the three Ilastello;r- materials
and one Inconel material were bare11
detectable and were considered insignificant
since the weight loss remained very low.
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mTER1a m9F w71085~9Jcaa~ WEIwv) MS-DBSERWTlWSPTJx~4OX

--. ----mm

*1EJ.Lov  i-a
J1RaNllm  702
!KMl625
tmELLov c-276
*TELLDv c-4
JIQ)IMS-3
mslEuovB-2

SsmL
%3ou
SS316L
sun

McuEl~

RRIIILIlPl295
IKML600
1220s
7lb*m
ala-3
mar00

O.&J3
0.0015
0.0029
0.0031
0.0036
O.OW
0.0662
O.lOEJ
0.1031
0.10%
0.107J
a.1124
al.30
0.1294
0.1417
0.1926
aIn7
0.2410
a3233

4.2.4

aNil
0.0130
0.0190
0.019D
0. 230
O.OS50
0.4010
0.7030
0.7.m
0.7190
a7610
O.&M
0.8720
0.9600
0.9730
1.1470
J.16S3
1.7420
hlJ20

~CIPIT'TI~~,  BRIW YwnT JX -RFEU SNLPITSRT WI
m PITTH, MJWT SHEBJ I lx - 9lWT WlFMl WRMJSI~ 10 PITTIm AT 40X
m~rn~ns,  uww~nr lx -~~2nvwm.~pIrS~T  40x
mPIn118,  2nIelTsIwnT 111 -FSuKnv SM.L PITSAT 40x
NO PITTI)G, BRIMT 3~~4 nT IX - FEN PITS AT 40x
SLrwTPInI* m9LBInT Ix -FEusuPITs, WIFDR(COlf~IDInT  40x
~PI~I* rnsausmx~n~ lx -m)p~Ts, 1~ra~cfnm~51mn~  40x
= PITTIns,  0 IMEN, VISIXU  MT al JX - lllERas PITS RT 40X
VISISLE PITTINS,  mSHEN111 JX - WRUJS SH.L PITS, = LweE #o DEEP @140X
VISIU PITTJl$ IO s (LT 1X - nuESCU6 wlli PITS AT 40X
VISIXU PITTM, D Omr Af 11 - LARBE #Ep PITS, INIFGRM ccRRosIoll PT 430x
sarwp1~9, m9iDIaT lx -wlli I~PITSAT  40x
VISIXLE PITTIJ6,  10 9EM AT 1X - )rwRDLS W PITS, FRIRV Dm3 nT (OX
ta~kupln, wosmrnT lx -SMIYLW~~~PITSAT)(*
mpI~I~mQPCDlJX-~I~~I~~~X
VISISLE PITTIm, m gpW AT IX - W LME PITS llT 40X
mPJTTIN#,  m=RT IX -m)LRlleE DEEPPITS, lNI~umDsIol  nT 40X
UWE VISIXU PITS, D m PT 1X - UWV lAneE PITS, SMRE CUMSIM AT 40X
mPlTfIJ@,  D98MIlt  JX -H9WlBPIT9,  SNER UJIFORICWOSIMAt4OX

Following another 4-week cycle, the
specimens were returned to the laboratory
for the 16-week analysis. The 16-week data
is presented in Table 18.

TMU 16

SsLm ff 16 liM up(BJIE m A 9m.T FIB ma J6 DIP9 II 1.01 M - AuIrn

.r;dyL;r  c-z

ilUHL(ia
21nonlu702
!asls.Lov  c-276
:aLDv c-4
JKMY S-3
lasm.LmM
FEnm1lma
ss9mL
IKuEL9a

0.,x14
O.M2
0. Wi8
0.3032
0.0035
0.0086
0.1126
0.1506
0.1672
0.1664
0.1661
0.1&4
0.1931
O.lW
0.191s
0.1663
0.m
0.m
aa

3. x6& !9l PJTTIHS, BRlj)tTMEN RT 1: -St% VERI SlW.L PITS, ND DWDSITS RT 40X
3.3110 m PJTTINS,  YIMT MEN AT Ix - FN tiu)IuI SIZED PITS ill 40X
0.0119 SLI~TPITTIN~,  9w BAIT jw1 RT lx - Wop~Ts, mTwziff ma2os1~~T  40x
0.0151 MPIrrlNs,  BRIlw PEM nr 1x - -Knv 9w.L PITS, m DEWSITS 1140x
0.0170 m m1)6, 9n1w xm AT lx - sm wv wu Pm, 10 DEposlTs 01 40x
0.0442 mPITws, SJu6#TsEEnnT  IX -FEu9Ju PITS, rnDBosITsRT 40x
O.S390 m pnnns,  D~SaamT~rn,  10 0EM bv lx - wucu we PITS,  v(IFoRII  CoRmslol  nT 40x
O.&W VISISL~PI~IWG,  rnsadn~ lx -~~~~~s~RR~EIYo~~uPIT~,  w]wosITs~T  40x
0.8761 VISIBLE PITTI%, m SHEEN PT JX - WHDUS WIiCE MD m PITS RT 40X
0.4819 tams PITS, m sa no IX - waaJs uw~E Ada DEEp PITS, yu) Iccav aT 40x
0.3176 5HM.L PITS, OIsnLl~, 10 HEM AT 1x - !uuJouS PITS, SolE DEmSITS a1 40x
0.9573 VISIUPITTIIIS,  ~O~EBIAT IX -MPITS, ~DEUELDDEWY nTwx
0.9942 10 PITTIlrs, DIscaol#rICN, m SBJ RT 1x - IDJIFOR CTJRaosroq SaL PITS AT 40x
1.001) VISISL2 PITTINS,  m 48)( nT IX - MRUS W M DEEP PITS IM 401
I.0210 uxs~xu pxmns, m SJ~JJ RT lx - wau9 LILR% fwa DEEP PITS RT 40x
J.UZ6 F2lJPITS,  DIWtIa, NDOOWT JX -FJ%LnneEPITS YLDDRYW, lNIFOII)ICOR#lSIMIIT  4OY
1.220 VISI~E PInrws, ~w mon, m sw RT IX - s[I1E U~RGE IWD wv olru PITS RT wx
Lao22 EXTBBIX  PITTIJ6,  )(ISEBJLITlX  -EXTEl6I~~,NB'PITS,  mM305ITSllT)of
24009 mprnxtq  m OWAT fx - tn~~oma~nm~~o~,  PITS IN- m DBOSITSRT 40x



As can be seen from the table, several
materials displayed increased attack and
fell lower in the rankings. Most notable
were the 304L, 316L, and 317L stainless
steels. This allowed several materials to
move up in the rankings, most notably the
Inconel 600, Inconel 825, and the Ferralium
255. The visual observations continued to
be helpful in characterizing the alloy
surface and type of corrosive attack. The
top materials did not display any increase
in pitting, and the weight loss data
confirms this fact.

4 . 2 . 5 At the completion of another 4-week exposure
cycle, the specimens were returned to the
laboratory for the 20-week analysis. The
20-week data is presented in Table 19. A
graphical presentation of the corrosion rate
data is shown in Figure 8.

TmLE I9

ESLTSOF bmls EmsuE INss~TfoB a029 DIPsIll l.o(w -&lnIR

*:cl.~L.  .:-ii

:‘CJC  X5
Zi?CJN:S  32
WsmLov C-276
wmLLMC4
I?cmYS-3
MIE.LOV B-2
FEoIILIlm 2s
xmu
!!4cwL 33
SMLN
Es22m
ss317L
ss3ou
m*n
IKIM
95316L
2acb-3
rqp400

.L “.fi.C3
0. St:
0. oo20
0.0035
0.0037
0.0093
O.ls)7
0.m
0.179s
0. :a%
3.22aB
O.zilb
0.2122
0.2269
0.a72
0.22%
0.2276
0.3746
0.61%

.:.. 43
s. ;:w
0.0106
0.0132
O.C!(3
0.0383
0.5625
0.7039
0.7%3
0.7775
0.a~
0.9001
0.9006
0.9X3
0.936s
0.9465
0.9700
1.6112
2.43s

.MD PIITiNS,  BRl6HT OEEN RT IX - VERY FW TINV PITS, r0 DEWSITS RT 400x
W ::Tl:#G, BR:3IT SIGN llT IX - W M %XsL P:TS fi? u)X
SL:WTPITT~I~, SEMI BRIGHT 3CEN AT 1X -a PITS, SURFRU CoRRDsIol PllTC-ES RT 00X
Ml PllTINB,  BRIGHT SIGN AT 1X - rJERv FEU TINV PITS AT 40X
m PITTIN& MIWT SEEN RT 1X - FEU VERY SM.L PITS, NO DEFQSITS RT 40X
NO PITTIM, BRIGHT SIGN 61 IX - SOlE SMmLCU  PITTING AT 40X
10 PImIl6, OISCW@TIac,  ML SMEh6TlX -SlRLOULfM6EPITS, WiFOMCDRROSIONIT  MO1
WIUUSPITS, NOpEMllT IX -MR0US4#UYPITTINGGT4OX
VIS!EX.E  PIllINS,  3:SCOLwED, .NI-J = iJT !X - .rrwV YIDE SIYLLY MD S?W DEEP FITS I)7 MX
V:SIaE W&Y PITTIW, ND m RT IX - IWY KEP PITS, SEVER YM RTTMYt IT 40X
VIS1R.E S8U.L PITS, DlE[LDRED, H) 5WN llT 11 - nWr.souS PITS, WY C&ED IM Ml
VISIBEPlTTIffi,  WOSEEN RTIX -~1CD1u(PIllIffi,  WIFORMCORRSID(~T  40X
KM2 PITTI& DISMO&D,  Ml WEN RT 1X - )IRwV UlDE St&Old IW EM.L DEEP PITS RT 40X
VISlaE S%.L PITS, DISCaOREO, NO SiM RT 1X - MAails PIIS, WE WP 01 %LD AT u)X
VIS!BLE PITTM M l&D, Ml 3EEJd RT 1X - MRUS PITS, SLW DEEP, YLD ATTKX RT @IX
ND PITTIllS, NO SIGN Al IX - TINV PITS, u(IFoI)(  CMWSIM RT +0X
VISIKE W PITTM, DISCOLORED, M WZEN fiT 1X - WY UIDE W.LW #o s1#L DEEP PITS nT 40X
VISIEU VERY law PnTIws,  NO SEEN RT 1x - EXTRoEPlnM, WV VERY DEEP RT WI
NOPlnrlq  DlscaDmq  mom IX -1INv PITS WITH LnIFm mmS1mn1)101

As can be seen from the table, the materials
generally remained in their respective
positions when compared to the lti-week data.
The 304L stainless steel dropped slightly in
the rankings due to severe weld at.tack.



28

When the corrosion rate data is graphed, as
in Figure 8, the great differences in
performance can easily be seen. The level
of performance of the top alloys is much
higher than that of the lower materials.
The cutoff line between the Incoloy G-3 and
the Hastelloy B-2 shows a 15 fold increase
in the corrosion rate. The corrosion rate
of 303L stainless steel is approximately 260
times higher than that of Hastelloy C-22 in
the salt fog/acid dip exposure test. The
slight weight gains for Hastelloy C-22 and
Inconel 625 in weeks 16 and 20 were
unexpected. This could have been caused by
slight errors in measurement or differences
in cleaning and weighing procedures.
However, this did not upset the relative
rankings, and the gains were considered
insignificant.

FIGURE 8 - SALT FOG/ACID DIP DATA
20 VXKW20  ACID DIPS

MATERIAL  NAME

u-626
2RCoNluu 702

bbMU.lOYC-276
HA6lnLufc-4

-0V B-2
FmRmJu266

0 0.6 .

RAT; ;MILS
a., a

-1.2.6 In conjunction with the standard alloy
coupons, specimens were tested in the
composite welded configuration. These
specimens were produced by joining
dissimilar metals by welding the candidate
alloys to 304L stainless steel. The
resulting composite coupons were exposed to
the same conditions as the standard
specimens to determine any undesirable
galvanic effects at the weld area. This was
considered necessary since the successful
new alloy would be installed in an existing
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304L stainless steel piping system, and
galvanic corrosion in the weld area could
become a source of system failure. The
composite welded coupons were cleaned prior
to examination in the same manner as

. . described earlier. The 16-week observations
are presented in Table 20.

TalEpo

IESSTS 05 16 EEK EXPEUE JW 56 glyT FDS RIO 16 #ID DIPS

CmoSlTE mvmc ELD SEclcas

laTERIm mE Emms - mSEnvnllMs I)T 1X w )0x

ff5oy-C+76 nm IOD SEW m ImH SIDES m 1x - UvlIE PITS am4 3Du SIDE RT MX
SBML-B-2 ~OOWv01S04LSlRATlX-JOUSlDE~IS90EIODvAT40x
s3Du - c-4 Q)1E mD DEW ill 1x - WEE PITS #) Danv 013Du SIDE nT 40x
m3ou-c-29 ORE aLD DEW 013Du SIDE a1 1x - w8E PlTTl#  #mS 3ML SIDE m )0x
smu-SW0 uTADlEyELDDM)vo(Jousl#llTIx-llELDDtwyo1sDTHss~nT~x
SbJoK-3MLw alen aLD Plllll6 aT IX - SaL PITS mm DEWSITS OI EID AT wx
ssm. - 316L WE Emv m 3ML SIDE m 1x - ow PITS m m.D ST 4Dx
mau - un SD& PITT116 OF ELD AT 1x - ELD POORV m PITTIWG AT 46x
SBmL-wu %lSHT mD DEcav 013Du !a# AT 1x - m.L PITS M m.D AT )0x
m3Du - l+DD m.D SEmv m3Du SIDE m 1x - 3Du SIDE ELD DEW AT 4Dx
m3Du - 1-e lEl.D PITTIt AT 1X - 3DU SIE IQb IEW AID PITTIN AT 40X
wfJ4l- I-KS IPD plTtZ(6 IIT 1X - IaD PITT1116  03 BOTH SIES RT 4DX
ss3Ml - S-3 gDE PIRIWG  M ELD #I 1X - PITS 01 S-3 SIDE W lELD RT WX
SS3ML-acb-3 SM PlTTltlS, 3DU SIDE YLD DEWY AT IX - LRRBE PITS M DEW  Or BOTH SIDES AT 4DX
sml-m VlSlElE IPD PITTIIXB  111 1x - LmeE PITS m EL0 EmY  01 Bonl SIDES RT 4Dx
QUML-ES2905 VlSlllE &LD PITTW AT !I - PITH)6 p# mV OF ELD 01 UMN SIDES aT )0X
SWDU-F* mb mw DI xni SIL m IX - ~inia6 m WV of YDD o( omn s10m AT 40x

As can be seen from the table, must of the
specimens suffered some type of weld decay.
For the alloys under consideration from a
corrosion resistance standpoint (Hastelloy
C-22 and Inconel 6251, the deterioration was
mostly on the 304L surfaces adjacent to the
weld. Since 304L stainless steel is anodic
to these two alloys, this result was
expected. The 304L is corroding
preferentially and cathodically protecting
the more corrosion resistant alloy. Since
the particular application of the corrosion
resistant alloy is to form thin wall
convolutes welded to a heavy wall 3041,
stainless steel pipe, the galvanic effect
will be minimal. The effects can be further
lessened by welding using the corrosion
resistant alloy as the weld filler and
coating the weld area with AR-7 to block any
electrolyte from reaching the galvanic
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couple. The AR-7 material is readily
available from KSC stock and is described
fully in KSC-STD-C-OOOlB.

4.2.7 Further testing was conducted during the
study to determine if any of the alloys.I
under consideration would be susceptible to
stress corrosion cracking in the Shuttle
launch environment. This was considered
important due to the forming operations used
in fabricating flexible convoluted bellows.
The convolutes are severely deformed during
manufacture, and high residual tensile
stresses could be present. This situation
combined with a corrosive environment
created concern to properly define the
stress corrosion behavior of the candidate
alloys. For this testing, standard U-bend
specimens were exposed to the same set of
conditions as the corrosion coupons. These
U-bend specimens were welded in the middle
of the bend to create the worst case
condition. As of the time of this report,
only two of the stress corrosion specimens
have failed. The 304L stainless steel
specimen cracked after 8 weeks and eight
acid dips. The Ferralium 255 specimen
cracked after 12 weeks and 12 acid dips.
All other materials are continuing to
display stress corrosion cracking resistance
in the salt fog/acid dip environment.

4.3 BEACH EXPOSURE/ACID SPRAY

4.3.1 After 60 days of beach exposure and 5 acid
sprays 9 the coupons were returned to the
laboratory for analysis. After the cleaning
procedure, the specimens were weighed,
corrosion rate calculations were made, and
visual examinations were conducted as
described for the salt fog/acid dip process.
The results of these analyses for each of
the alloys for the 60 day/5 spray cycle are
presented in Table 21. As can be seen from
the table, several materials clearly
separated from the rest and displayed
excellent corrosion resistance. The
Ilastelloy C-22 and Inconel 625 showed no
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detectable weight loss, while the Hastelloy
C-4 and C-276 were on the limits of
measurement. The calculated corrosion rates
for these materials are considered
insignificant, and any one should be
considered acceptable. The observations
confirmed the resistance of these alloys,
with no visual deterioration at 40x. These
results were considered important but
premature, and the specimens were returned
to the beach for further exposure.

Tm.E 21
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0.0147
O.OlSe
o.w93
0.0247
0.3277
0.0.?23
0.03M
0.0431
0.0954

J. ..wi
il.doo
0. km9
0. cm
CL OOBO
0.0140
0.0990
0.1100
0.l200
0.1387
0.1440
0.1979
3.1m
0.2459
0.2780
0.2600
0.3200
0. bJsQ
0.9710

MYPITTING, bRIw stEE~nl:x -NoPITT:tG, NOIELDDECNRT  40X
m?UTltdS,  9R1WTSEEMRT IX -wOPITTII,  No&LDDEcAy RT)oX
MD PITTIns,  SRlWl SIEENRT 1X - KIPITTI~~, WELD DEW AT 40X
NC PITTING,  RRIWT SEEN RT 1X -NO PIllINS,  Ml ELD EWV (IT 40X
STWED, N.l SEEN AT 1X - WIFORJY CURROSION,  Ml PITTINS RT 40X
ND PITTINS,  BRIW SEEN AT IX - l4IKiR PITTINS,  LNIFOI CORROSlD( OF UELD RT WX
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NO PITTINR,  BRIWT SEN RT 1X - INIFOR CORREIM, PITTINS RT EL9 RT 40X
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V!SJBLE PITTINB,  91BHl SEEN RT 1X - SHUOU PITTI%, WIFOI DEW L-f 'ELD RT 46X
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V1SlH.E PITTM, NOSEMI 1X -RlWWEPI~lffi,  SUM PITIM OF ELDRT 40X
VISMLE PITTI%, W SEEN RT 1X - rooEWE PITTIN& SUE PITTINS 5 ELD RT 40X
ND PITTINS AT 1X - FEU PITS YITH WIFOIIII CQRROSIL94,  SOE ELD LECAV RT 40X
VISULEPITTM, MOEMRT 1X -9lWT PITTM, SOE PlTT1?6LlF ELDRT )0X
VlSl9UPlTTlW, 9lWT IDWRT IX -lERW PlTTlllWsoE  DW, StiWE PITTIRR ff ELDRT 40X
wDPlTTIt6, NDOW RT 1X - IJJlFDRlCORRDSlLW, ~PllllIG  RT 40X

4.3.2 After 251 days of beach exposure with 13
acid sprays, the specimens were returned to
the laboratory for analysis. The same
procedures were conducted to clean, weigh,
calculate, and observe the coupons. The
251-day data is shown in Table 22. A
graphical presentation of the corrosion rate
data is shown in Figure 9. Following the
251-day exposure cycle, the same four
materials displayed excellent corrosion
resistance and were clearly superior to the
remainder of the alloys. The same reduction
in corrosion rate phenomenon has experienced
as in the salt fog testing. This 1s
probably due to a reduction in pitting rates
over time as explained previously. The
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corrosion rates shown in Figure 9 display
the same cutoff as for the salt fog data,
except that the increase in corrosion rate
is not as pronounced. Between the Incoloy
G-3 and the Ferralium 255, there is only a 5
fold increase in corrosion rate. Since the
corrosion rates of Hastelloy C-22 and
Inconel 625 were not measurable, no
numerical comparison factor can be found
with respect to the other alloys. However,
these two alloys are clearly superior to the
stainless steel alloys in the beach
exposure/acid spray testing.

ZStLTS(r3lWVE~  TDWCttRRWMSITE  R)IDl39p#v9YIlHIDSVk.  Ia. -ALlDiI)IA

- - - - - -__I__-_________  -_^_---_-_-___- --------

IwERIa !a imLoss(pl  WRR. mEWY) L%vw -ilBsErrvnTI~ AT 1x ;w) )0X

'j. ..'++ '.'.  - *.<..i, d PITT!*, BAIjtT SEEN RT IX - !kl PI-TIYG,  WI ZOR.ROSIfW RT 46X
o.ouw o.chhN fKl ?ITTlNS, ItRIi)cT  SUN RI 1X - ND PITTINS,  Ml hUD DEWY RT 40X
0. oool O.OMV ND PITTIN& 6RIW SKEN ill 1X - ND PITTIN Rl )0X
O.oooI O.OOU9 ND PITTM, BRIWT %EN IT IX - VERY FEY W4.L PITS, Uo UN) DEW RT 40X
0.3014 0.W PISIT PITTING, 1iBIT SKEN RT IX - tiN!FORII CORRCSID(,  No PITTING AT 40X
0.0034 0.0037 No EITTIS, BRIGHT %EN RT 1X - FN SKILL PITS, LHIFOM MEL3 DEWY RT 40X
0.0139 0.0343 SLIShlPITlIHG,  lLDIWl itEEN RT IX - 31FOICORRO5IDN,  YLD DECRY RT bi~X
0.0251 0.0490 SLIM PI7lIns, MSkEBllTlX  - 5M.l PITS, LNIFlJMCfWROSIDN  SEVEREhQ.DDEu)yAl+OX
0.0220 0.0561 SLIWl PITTIR, WWENSIWT 1X -UrIFOraU3RRDSI~ LMEE DEEpPITSfm%yLD RT 40X
0.02BB 0.0600 VISIBLE PITTIN& SLIEM SHEEN 11 IX - MY 5WY.L %U.oU PITS, PITS % Ki.D RT 40X
o.Q293 0.0685 VIS1Sl.E PITTM, LCU SHEEN AT 1X - WY UlYL PITS, KLD PITTIffi  Rl 40X
0.0450 0. !063 VISIRE PITTING, rr0 SHEEN AT IX - SOME 5hfU PIiS, YJRFRCE CCRROSIW, uRD PITTIN RT 40X
0.#97 0.114D sLI'3fT PITTIffi, H) 9fEN RT 1X - WIFOIM SlyLL PITS, ND hELD DEcIlY  IT MOX
0.0%6 0. 1w MRDUS PITS, ND 9fEN 61 1X - WY S&Y-L PITS, SC6E UELD PITTING (IT MIX
0.0612 0.1467 VISIEUPITTIt6,  HD WENAt 1X -tRRBE MSM.L WYJLU PITS, LELD DEWY RT +0X
0.0816 0.1768 VISJSU PITTJNS, n0 WEN I)T 1X - SCUE PITTlffi  YITH oEFasJlS,  iQD DEWY Rl 40X
O.lc64 0.2177 WD PITlIwe, M SEEN RT IX -FEUPITS, LUIFMI( CUMOSIlN, NIlhAD #CW RT4OX
0.1074 O..SSO EXTENSIK  PITIIIG,  KI SMEU AT IX - EXTENSIVE PITTING, W LM6E, WIFM)I YEU) OEWY 111 40X
o.a47 0.5340 ND PITTIYG, ND MEN IT 1X - r0 PITTINS,  u(JFO@! ~OlWOSID1 AT 40X

FIGURE 9 - BEACH CORROSION DATA
2% DAYW13 ACID SPRAYS
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4.3.3 When the beach results are compared to the
salt fog results, many materials change
positions relative to each other. In
general, the materials at. the top (liastellop
C-22 and Inconel 625) and at the bottom
(20Cb-3 and Monel 400) of each list remained
in their respective positions. However, the
standard stainless steel alloys such as
304L, 304LN, 316L, and 317L declined in
relative performance while the duplex
stainless alloys such as Ferralium 255,
7Mo+N, and ES 2205 improved in the rankings.
This was an interesting occurrence and could
be explained as follows. The main
difference between the two tests is oxygen
availability. While the specimens are in
the salt fog chamber, the surfaces are
continually wet, and this film of water
could reduce the oxygen available to the
metal surface. Since most corrosion
resistant alloys depend on oxide films on
their surface for protection, the suspicion
is that the salt fog conditions could be
hindering the formation of these protective
oxide films on the duplex stainless steels,
allowing accelerated corrosion to take
place. The beach data, in contrast to the
salt fog data, supports the electrochemical
findings in regard to the Ferralium 255.
The reasons for this are unclear but could
be due to the formation of the protective
oxide films.

4.3.4 For reasons stated earlier, composite welded
coupons were tested in conjunction with the
standard specimens to determine any
undesirable effects of the galvanic couple.
The composite specimens were cleaned in the
same manner before the examination. The
251-day beach exposure observations are
shown in Table 23, As can be seen from the
table, most specimens were suffering from
weld decay. The severity was generally less
than that observed in the salt fog testing,
but the results are similar in nature with
most of the attack concentrated on the 304L
stainless steel surfaces. As stated before,
coating of the weld area with the AR-7
material should reduce the galvanic effects
to a minimum.
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4.3.5 In conjunction with the salt fog testing,
duplicate U-bend stress corrosion cracking
specimens were exposed at the beach
corrosion test site to determine the stress
corrosion cracking susceptibility of the
candidate alloys. As of the time of this
report, none of the specimens exposed to the
naturally occurring conditions at the beach
site have experienced failure. Exposure of
these specimens will continue, to determine
if any specimens will crack in the future.

4.3.6 By comparing results from the salt fog to
the beach testing, many differences have
been noted. The beach testing is still
considered the best judge of an alloy's
performance since it has naturally occurring
conditions that reflect the conditions
experienced at Launch Complex 39. However,
the accelerated testing does give insight
into which materials have a good chance of
performing well. In all the testing, by
electrochemical methods, salt fog/acid dip,
beach exposure/acid spray, and ferric
chloride immersion, the same materials are
at the top of the list. The Hastelloy C-22
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has displayed superior corrosion resistance
during all the testing. This work
concentrated on one specific environment
that contains sodium chloride and
hydrochloric acid. Since all these alloys
are very environment specific, altering that
environment even slightly may produce
extreme changes in alloy performance. @ther
chemical environments such as high pH
(basic), stronger acids, other corrosives,
or high temperatures may cause failure of
the materials identified in this study.
When dealing with high performance corrosion
resistant alloys, thorough testing is an
absolute requirement for choosing the right
material for the job. The long term history
received from the continued beach testing
will be invaluable to completely
characterize alloy behavior.

4.3.7 Photos of some salt fog chamber and beach
exposure samples are shown in Appendix b.
These photos are representative of the types
and extent of corrosion experienced by the
candidate alloys. Photos are at crbout lx,
aos, and 500x. The alloys in the photos are
Hastelloy C-22, 304L, 316L, Monel 100, and
ZOCb-3. The Hastelloy C-22 experienced no
corrosion. The Monel -100 samples show
uniform corrosion, and the other three
alloys show pitting corrosion.

A.4 FERRICCHLORIDE. IMMERSION

4.4.1 Results for the samples with an autogcnous
weld are summarized in Table 21. Some
samples showed no signs of corrosion.
Others showed uniform corrosion, pitting
corrosion, weld decay, or corrosive attack
in the heat affected zone. Some
representative photos are shown in Figure
10. Figure lOa, of Inconel 625, shows no
corrosion. The 316L in Figure 10b shows
severe pitting corrosion. Hastelloy D-2,
seen in Figure lOc, suffered uniform
corrosion, and the Tnconel 825 sample of
Figure 10d shows severe pitting attack at
the weld and in the heat affected zone.
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TABLE 24 FERRIC CHLORIDE 1RlIFRSION RESULTS
AUTWEROUS  WELD SARPLES

ALLOY HOURS IMERSED RESULTS
--______________--__------------------------------------

NASTELLOY C-4 912
HASTELLOY C-22 72
RASTELLOY C-276 912
HASTELLOY B-2 72
INCONEL 600 72
INCONEL 625 912
INCONEL 825 72

INC@  G-3
RONEL 400
ZIRCONIUR  702

922
72
72
72
72
72
72

ss 304L
SS 304LN
SS 316L
5s 317L

ss 904L 72
20 Cb-3 72

‘Ill0 l N 72
ts 2205 72
FCRRALIUR 2% 72

NO CORROSION
NO CORROSION
WG CORROSION
UNIFORR CORROSION
MODERATE PITTING
NO CORROSION
SEVERE PITTING IN

NEAT AFFECTED ZONE
NO CORROSION
UNIFORR CORROSION
RODERATE PITTING
SEVERE PITTING
SEVERE PITTING
SEVERE PITTING
MILD PITTING AND

WELD DECAY
NO CORROSION
SEVERE PITTING IN

NEAT AFFECTED ZONE
WELD DECAY
WELD DECAY
WO CORROSION

4.4.2 Results for the samples welded to 304L
stainless steel are given in Table 25. It
was not possible to obtain a sample of
Zirconium 702 welded to 304L; so Zirconium
702 does not appear in Table 25. The effect
of galvanic corrosion can be seen clearly by
noticing that the 304L part of each sample
suffered severe pitting corrosion. This can
be seen visually in Figure 11.

TABLE 25 FERRIC CRLORIDF  IRRERSION RESULTS
SAMPLES WELDED TO 304L STAINLESS

ALLOY
_______---------

OBSERVATIONS  ON
CANDIDATE  ALLOY
_------m--m--------

HASTLLLOY c-4 NO CORROSION
HASTELLOY C-22 II0 CORROSION
HASTELLOY C-276 MO CORROSION
HASTELLOY B-2 UNIFORR CORROSION
INCONEL 600 UNIFORR CORROSION
INCONEL 625 YO CORROSION
IWCONEL 825 NO CORROSION
:xcz  G-3 N” CORROS:ONY
RONEL 400 UNIFORR CORROSION

ALLOY
-___-------- -.

OBSERVATIONS  ON
CANDIDATE ALLOY

SS 304LN SEVERE PITTING
SS 316L SORE PITTING
ss 317L NO CORROSION
ss 9041 NO CORROSION
ZOCb-3 SLIGHT PITTING
7Ho*N NO CORROSION
ES 2205 NO CORROSION
FERPAiiUR 2% Nt CORROSIOY

NOTE t All rmmphr “.r. imm,rm,d for 72 hours.
In rmch c..,, the 304L portion of the rmmplr
rufferrd .cv.r. pitting.
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I:

a

igure 10 Photos After Ferric Chloride Immersion, 2.2x

,) ln::onel 625 b) 316L

c Itsstelloy B-2 d) Inconel 825
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Figure 11 Ferric Chloride Immersion - Galvanic Samples

a) 304L Welded to
Hastelloy C-276

< --- 304L
Severe Pitting

<--- Hastelloy C-276
No Corrosion

bl 304L Welded to 904L

< --- 304L
Severe Pitting

< --- 904L
No Corrosion
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5.0 CVNCLUSIONs

5.1 Several alloys were found that have superior
resistance to pitting and crevice corrosion,
compared to the 304L stainless steel that was
originally used for construction of convoluted.-
flexible joints.

5.2 Good agreement was found between all 4 of the
corrosion tests. In particular, the cyclic
polarization technique was found to give escellent
agreement with the beach exposure and salt fog
chamber results. This electrochemical method may
be used as a very quick way to evaluate alloys
before performing long term field exposure tests.

5.3 Using the conditions found at the Space Shuttle
launch site (high chloride content plus
hydrochloric acid), the most resistant alloys were
found to be, in order, Hastelloy C-22, Inconel 625,
Hastelloy C-276, Hastelloy C-4, and Into Alloy G-3.

5.4 On the basis of corrosion resistance, combined with
weld and mechanical properties, Hastelloy C-22 was
determined to be the best material for construction
of flex hoses for use at the Space Shuttle launch
site.
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APPENDIX A

Corrosion Potential and Cyclic
Polarization Graphs
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Figure Al Hastelloy C-4 Corrosion Potential
in Aerated 3.55% NaCl + O.lN HCl
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Figure A2 Hastelloy C-4 Cyclic Polarization
in Aerated 3.55% NaCl + O.lN HCl
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Figure A3 Hastelloy C-4 Corrosion Potential
in Aerated 3.55% NaCl + l.ON HCl

Very Small Hysteresis Area
Excellent Pitting Resistance

-m - 7 -I - 5 -4 - 3

L O G  1 R/sr2

Figure A4 Hastelloy C-4 Cyclic Polarization
in Aerated 3.55% NaCl + l.ON HCl
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Figure A5 Hastelloy C-22 Corrosion Potential
in Aerated 3.55% NaCl t O.lN HCl
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Figure A6 Hastelloy C-22 Cyclic Polarization
in Aerated 3.55% NaCl t O.lN HCl
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Figure A7 Hastelloy C-22 Corrosion Potential
in Aerated 3.55% NaCl't l.ON HCl

\
Very Small Hysteresis Area
Excel lent Pitting Resistance

Figure A8 Hastelloy C-22 Cyclic Polarization
in Aerated 3.55% NaCl t l.ON HCl
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Figure A9 Hastelloy C-276 Corrosion Potential
in Aerated 3.55% NaCl t O.lN HCl
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Figure A10 Hastelloy C-276 Cyclic Polarization
in Aerated 3.55% NaCl t O.lN HCl
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Figure A10 Hastelloy C-276 Cyclic Polarization
in Aerated 3.55% NaCl t O.lN HCl
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Figure All Hastelloy C-276 Corrosion Potential
in Aerated 3.55% NaCl t l.ON HCl
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Figure Al2 Hastelloy C-276 Cyclic Polarization
in Aerated 3.55% NaCl t l.ON HCl
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Figure Al3 Hastelloy B-2 Corrosion Potential
in Aerated 3.55% NaCl t O.lN HCl
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Figure Al4 Hastelloy B-2 Cyclic Polarization
in Aerated 3.55% NaCl t O.lN HCl
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Figure Al5 Inconel 600 Corrosion Potential
in Aerated 3.55% NaCl t O.lN HCl
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Figure Al6 Inconel 600 Cyclic Polarization
in Aerated 3.55% NaCl t O.lN HCl
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Figure Al7 Inconel 625 Corrosion Potential
in Aerated 3.55% NaCl + O.lN HCl
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Figure Al8 Inconel 625 Cyclic Polarization
in Aerated 3.55% NaCl t O.lN HCl
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Figure A19 Inconel 625 Corrosion Potential
in Aerated 3.55% NaCl + l.ON HCl
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Figure A20 Inconel 625 Cyclic Polarization
in Aerated 3.55% NaCl + l.ON HCl
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Figure A21 Inconel 825 Corrosion Potential
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Figure A27 Monel 400 Corrosion Potential
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‘1
1

48 Uniform Corrosion

-288-

-4#8-

-,,#I

- 7 . 8 - 8 . 8 -1.8 - 4 . 8 - 3 . 8

L O B  I  A/cm2
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in Aerated 3.55% NaCl t O.lN HCl
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Figure A42 904L Cyclic Polarization
in Aerated 3.55% NaCl t O.lN HCl
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Figure A46 20 Cb-3 Cyclic Polarization
in Aerated 3.55% NaCl t O.lN HCl
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in Aerated 3.55% N&Cl t O.lN HCl
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in Aerated 3.55% NaCl t l.ON HCl
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Figure A51 ES 2205 Corrosion Potential
in Aerated 3.55% NaCl t O.lN HCl

Fairly Small Hysteresis Area
Moderate Pitting Resistance

Figure A52 ES 2205 Cyclic Polarization
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in Aerated 3.55% NaCl t l.ON HCl
























